We report the superconducting properties of new hexagonal Nb10+2xMo35−xRu35−xRh10Pd10 high-entropy alloys (HEAs) (0 ≤ x ≤ 5). With increasing x, the superconducting transition temperature Tc shows a maximum of 6.19 K at x = 2.5, while the zero-temperature upper critical field Bc2(0) increases monotonically, reaching 8.3 T at x = 5. For all x values, the specific heat jump deviates from the Bardeen-Cooper-Schreiffer behavior. In addition, we show that Tc of these HEAs is not determined mainly by the density of states at the Fermi level and would be enhanced by lowering the valence electron concentration.
Recently, high-entropy alloys (HEAs) have received a lot of attention because of their superior properties compared with traditional alloys [1] [2] [3] [4] [5] . These multicomponent systems contain five or more metallic elements, whose molar fractions vary between 5% and 35%. This diversity of constituent elements results in high mixing entropy and strong atomic scale disorder. Hence HEAs are often referred as metallic glasses on an ordered lattice and found to crystallize mostly in simple structures, including body-centered cubic (bcc) [6] [7] [8] [9] [10] [11] , face-centered cubic (fcc) [12] [13] [14] [15] [16] and hexagonal closed packing (hcp) [17] [18] [19] [20] [21] . Due to the chemical complexity, the properties of HEAs can be highly tunable, which provides a versatile platform to study the structure-property relationship of alloys in between the crystalline and glassy states [22] . Superconductivity in HEAs was first discovered in the Ta-Nb-Hf-Zr-Ti system in 2014 [23] . Since then, a number of HEA superconductors have been discovered [24] and most of them have the cubic structures with different space groups, such as bcc-type [23] , α-Mn type [25] , CsCl-type [26] , and A15-type [27] . In particular, a highest T c of 10.2 K is achieved in the A15-type V 1.4 Nb 1.4 Mo 0.2 Al 0.5 Ga 0.5 HEA [27] . By contrast, the hexagonal HEA superconductors have been rare, which is mainly due to the difficulty in forming hexagonal HEAs since most elements in the periodic table prefer a bcc or fcc structure [28] [31] . All these HEAs are shown to adopt the hcp structure and discovered to be bulk superconductors. A maximum T c of 6.19 K and B c2 (0) of 8.3 T are observed at x = 2.5 and 5, respectively. The specific heat results suggest that these HEAs have a non BCS-like gap. Moreover, the x dependence of the electronic specific coefficient differs from that of T c , implying that the density of states at the Fermi level is not the dominant factor in determining T c . A comparison of the valence electron concentration (VEC) dependence of T c is made between the Nb-Mo-Ru-Rh-Pd HEAs and other hexagonal HEA superconductors, and its implication is discussed.
The Nb-Mo-Ru-Rh-Pd HEAs were prepared by the standard arc-melting method. High purity Nb (99.99%), Mo (99.9%), Ru (99.99%), Rh (99.99%), Pd (99.99%) powders were mixed according to the stoichiometric ratios Nb:Mo:Ru:Rh:Pd = (10+2x):(35-x):(35-x):10:10 (x = 0, 2.5 and 5) and pressured into pellets in an argonfilled glove box. Then the pellets were melted several times in an arc furnace under high-purity argon atmosphere, followed by rapid cooling on a water-chilled copper plate. The weight loss during the arc-melting process was found to be negligible. Since the resulting HEAs are ductile, they could not be ground into powders. Hence the x-ray diffraction (XRD) measurements were done on flat surface of the samples using a Bruker D8 Advance x-ray diffractometer with a monochromatic Cu-Kα radiation at room temperature. The structural refinements were performed using the JANA2006 program [32] . The chemical compositions of the HEAs were investigated by Hitachi field emission scanning electron microscope (SEM) equipped with an energy dispersive x-ray (EDX) spectrometer. The electrical resistivity was measured by a standard four-probe method. The resistivity and specific heat measurements were done in a Quantum Design Physical Property Measurement System (PPMS-9 Dynacool). The dc magnetization measurements were performed using a commercial SQUID magnetometer (MPMS3).
Figure 1(a) shows the XRD patterns for the series of Nb 10+2x Mo 35−x Ru 35−x Rh 10 Pd 10 HEAs. One can see that the patterns are very similar for these HEAs, and all the diffraction peaks can be well indexed on a hexagonal unit cell with the P 6 3 /mmc space group. The re-fined lattice parameters are a = 2.749(1)Å, c = 4.423(1) A, a = 2.773(1)Å, c = 4.474(1)Å and a = 2.773(1) A, c = 4.468(1) for x = 0, 2.5 and 5, respectively. Clearly, both a-and c-axis tend to increase with the increase of Nb content, which is as expected since the atomic radius of Nb is larger than those of Mo and Ru [33] . Fig. 1(b) . To determine the atomic arrangement in the hexagonal unit cell, structural refinements were performed on the XRD of these samples and the results are plotted in Fig. 1 (c)-(e). In all cases, it is found that the five elemental atoms are disorderly distributed on the two crystallographic sites (0, 0, 0) and (2/3, 1/3, 1/2), as can be seen in Table I . Furthermore, good agreements between the observed and calculated patterns are evidenced by the small R wp /R p values and goodness-of-fits close to 1.2 (see Table II ). Taken together, these results indicate that these HEA samples are homogeneous random solid solutions.
The temperature dependence of resistivity (ρ) for the Nb 10+2x Mo 35−x Ru 35−x Rh 10 Pd 10 HEAs is shown in Fig.  2(a) . These HEAs exhibits a weak metallic behavior below 300 K, and the residual resistivity ratio ρ 300K /ρ 7K is only around 1.1. This is reminiscent of that observed in many other HEAs [25] [26] [27] and ascribed to the presence of strong atomic-scale disorder. With increasing Nb content x, the ρ magnitude decreases strongly, which is probably due to the increase in either carrier concentration or mobility. As seen more clearly in the inset of Fig.  2(a) , a rapid ρ drop is observed at low temperature for all samples, indicative of a superconducting transition. Concomitant with the resistive transition, the zero-field cooling magnetic susceptibility data display a strong diamagnetic response, as displayed in Fig. 2(b) . Further-more, the onset of the diamagnetic transition coincides well with that of the zero resistivity. This allows us to determine T c to be 5.58 K, 6.19 K, and 6.10 K for x = 0, 2.5, and 5, respectively. At 1.8 K, the zero-field susceptibility data of these HEAs correspond to shielding fractions more than 150%. Although the demagnetization effect is not taken into consideration, these large values strongly suggests that the observed superconductivity is a bulk effect.
The bulk nature of superconductivity is further confirmed by the specific-heat (C p ) measurements. As can be seen from Fig. 2(c) , a clear C p jump is detected for each of the HEAs around T c . Following the standard practice [27] , the normal-state C p data are analyzed by the Debye model C p /T = γ + β 3 T 2 + β 5 T 4 , where γ and β i (i = 3, 5) are the electronic and phonon specific heat coefficients, respectively. Once β 3 is known, the Debye temperature Θ D is calculated as Θ D = (12π 4 R/5β) 1/3 , where R is the molar gas constant 8.314 J mol −1 K −2 . These analyses give γ = 3.35 mJ molatom −1 K −2 , Θ D = 348 K, γ = 3.27 mJ molatom −1 K −2 , Θ D = 328 K, and γ = 2.68 mJ molatom −1 K −2 , Θ D = 324 K for x = 0, 2.5 and 5, respectively. After subtraction of the phononic contribution, the normalized electronic specific heat C el /γT is plotted against the reduced temperature T /T c in Fig. 2(d) . One can see that the C el /γT jumps for all these HEAs are very close to the BCS value of 1.43 [34] , but their temperature dependencies deviate clearly from the behavior expected from the BCS theory [34] . Note that, for all these HEAs, the extrapolation of C el /γT data to 0 K yields a negative value, pointing to a full gapped superconducting state. Hence the deviation from the BCS behavior could be due to the presence of multiple gaps. Nevertheless, the fitting with the multigap model does not give satisfactory result. This is probably due to that the measurement temperature is not low enough, or that the effect of strong disorder is not included in the model. Regarding the latter, it has been shown theoretically that the size of C p jump for two-gap superconductors depends critically on the level of disorder [35] . In this respect, further experimental and theoretical studies in future are necessary to achieve a proper understanding of the C p data of these HEAs. Assuming a phonon mediated pairing mechanism, the electron-phonon coupling constant λ ep for these HEAs The data for crystalline 4d metals [38] and Tc-based binary hcp alloys [39] are also included for reference.
can be estimated using the inverted McMillan formula [36] ,
where µ * = 0.13 is the Coulomb repulsion pseudopotential. Thus λ ep values of 0.63, 0.66, and 0.66 are found for x = 0, 2.5 and 5, respectively, suggesting that the Fig. 3(a) shows the ρ(T ) curves under various magnetic fields up to 8 T for x = 2.5. With increasing field, the resistive transition is gradually suppressed to lower temperature. For each curve, the resistive T c is defined as the temperature corresponding to midpoint of the ρ drop. The resulting temperature dependencies of B c2 for these HEAs are shown in Fig. 3(b) . To obtain the zero temperature upper critical field B c2 (0), the data are extrapolated using the Wathamer-Helfand-Hohenberg theory [37] . This gives B c2 (0) = 6.9 T, 8.1 T, and 8.3 T for x = 0, 2.5 and 5, respectively. Since the Ginzburg-Landua (GL) coherence length ξ GL can be calculated by the equation ξ GL = Φ 0 /2πB c2 (0), where Φ 0 = 2.07 × 10 −15 Wb is the flux quantum, we obtain ξ GL = 6.9 nm, 6.4 nm, and 6.3 nm for these HEAs.
From the above results, which are summarized in HEAs show a maximum T c of 6.19 K at x = 2.5 and a maximum B c2 (0) of 8.3 T at x = 5. While both these values are the highest among hexagonal HEA superconductors, it is noted that the maximum T c is not correlated with the maximum in γ. Instead, the maximum γ is observed for the HEA with x = 0, which has the lowest T c . Nevertheless, there appears a correspondence between λ ep and T c , namely, the larger λ ep the higher T c . For the hexagonal Ti-Zr-Hf-Nb-Re HEA superconductor with a lower λ ep = 0.57 [29] , its T c of 4.4 K is indeed lower than the Nb 10+2x Mo 35−x Ru 35−x Rh 10 Pd 10 HEAs. These results suggest that electron phonon coupling strength plays a more important role than the density of states at the Fermi level in determining T c in hexgonal HEAs.
Finally, in Fig. 4 , we compare the VEC dependence of T c for the Nb 10+2x Mo 35−x Ru 35−x Rh 10 Pd 10 HEAs with other hexagonal HEA superconductors. As a reference, the data for crystalline 4d metals [38] and Tc-based binary hcp alloys [39] are also included. Here we define VEC = n i=1 c i (VEC) i , where c i and (VEC) i are the molar fraction and valence electron number for the ith element, respectively. As can be seen, the VECs of superconducting Nb-Mo-Ru-Rh-Pd HEAs fall in the range between 7.1 and 7.3, which is nearly the same as that of superconducting Ti-Mo-Re-Ru-Rh HEAs. Furthermore, in both cases, T c tends to decrease with the increase of VEC. This trend is similar to those observed in crystalline 4d metals [38] and Tc-based hcp binary alloys [39] , suggesting that both HEAs obey the Matthias rule. Hence T c of the Nb-Mo-Ru-Rh-Pd HEAs would be maximized by reducing the VEC around 7. Nevertheless, attempts to increase the Nb content to above 20 at.% in the Nb 10+2x Mo 35−x Ru 35−x Rh 10 Pd 10 alloys resulted in multiphase samples. In this respect, one way to lower the VEC is to replace Nb with group IVB elements Ti, Zr and Hf.
In summary, we have studied the crystal structure and physical properties of the Nb 10+2x Mo 35−x Ru 35−x Rh 10 Pd 10 HEAs for x in the range between 0 and 5. The results show that all these HEAs have the hcp structure and display bulk superconductivity. With increasing Nb content x, T c show a nonmonotonic behavior with a maximum of 6.19 K at x = 2.5, while B c2 (0) increases monotonically to 8.3 T at x = 5. Both these values are the highest among hexagonal HEA superconductors. Meanwhile, the analysis of the specific heat data suggest that these HEAs have a non-BCS-like gap and their T c is not determined primarily by the density of states at the Fermi level. In addition, T c for these HEAs tends to decrease with increasing VEC from 7.1 to 7.3. This follows the Matthias rule for crystalline transition metal elements as well as binary alloys, and implies that T c can be increased by lowering the valence electron number. Our results not only identify Nb-Mo-Ru-Rh-Pd as a new element combination to form hexagonal HEAs, but also help to better understanding the superconductivity in HEAs of this structural type.
